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LINEAR METAL-OXIDE-SEMICONDUCTOR
INTEGRATED CIRCUITS

INTRODUCTION
This paper is concerned with investigating various
linear Metal-Oxide-Semiconductor (MOS) integrated circuit
configurations, and with improving the gain and output
voltage swing of these circuits.

This work was prompted

after an attempt to design an MOS operational amplifier
disclosed that standard methods produced very low gains
per stage and small output voltage swings.

Recent years have shown an increasing interest in
MOS integrated circuits because they have several important
advantages over the standard bipolar type.

One major

advantage is in physical size; the MOS circuits may be
made much smaller; for instance, an MOS transistor can be
used to replace a resistor that otherwise would have to be
20 or 30 times larger (2, p. 2-4).

The MOS transistor.

itself can be many times smaller than a bipolar one and has
the added advantage of not requiring isolation.

Another

definite advantage is the simplicity of fabrication; only
one diffusion is usually required compared with five for
the bipolar integrated circuit.

The Appendices list the

processes necessary to produce each type of circuit.
One important advantage is the extremely high input
impedance which results in light loading of the driving

2

device.

This is especially helpful in digital integrated

circuits (IC's) as the fan-out is nearly infinite.

MOS IC's can operate at lower power levels especially
in digital circuits where the MOS transistor load can be
controlled by a clock so that current flows only when
desired (2, p. 2-7).

Since MOS devices are high impedance

and no appreciable current is drawn by the gate, the current levels in cascaded amplifier stages may be very low.

There are also some disadvantages to MOS integrated
circuits; low gain per amplifier stage, nonlinear resistors, and small output voltage swing which may require
high power supply voltage levels.

These are some of the

main points to be discussed in this paper.
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OPERATION OF LINEAR MOS INTEGRATED CIRCUITS
Device Fundamentals

Metal-Oxide-Semiconductor field effect transistors
are relatively easy to fabricate and have their own unique
characteristics.

Figure 1 shows a cross sectional view of

a typical MOS transistor.

The source and drain areas have

been diffused into the p-type substrate resulting in an
n-channel enhancement-mode device.

Enhancement-mode refers

to the case where a channel does not exist until gate
voltage is applied.

This voltage creates a channel and

enhances current flow between the source and drain.

A

depletion-mode device is made similar to the enhancementmode device except a very shallow diffusion is made in the
channel area.

This results in a channel between source

and drain which can be increased or decreased by the application of a gate voltage of the proper polarity.

Figure 2

shows a device of this type.

A p-channel device may be made by starting with an
n-type substrate and diffusing p-type source and drain
areas into it.

For a complete step-by-step description of

the fabrication processes, see Appendix A.

Figure 3 shows the schematic symbols used for each
type of MOS transistor (1, p. 46-47)

(5, p. 94).

However,

quite often when the type of transistor is understood, the
depletion symbol without the arrow may be used regardless
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Cross section of an n-channel
enhancement-mode MOS transistor.

metal
source

Ate.

gate

drain

yjir

ArArAwardrAv,

AM

oxide

p-type
substrate
channel
area
Figure 2.

Cross section of a p-channel
depletion-mode MOS transistor.
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Figure 3.

Schematic symbols for MOS transistors.
(G = gate, D = drain, S = source,
B = bulk or substrate)
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of the type of transistor represented.

As shown in Figure 1, the gate is insulated from the
source, drain and substrate by a thin layer of silicon
0

Typical thicknesses are in the range of 1000 A.

dioxide.

This insulating layer has a critical field strength of
10

7

volts per centimeter or about 100 volts for the 1000 A

layer.

If the voltage exceeds this level the oxide rup-

tures, resulting in permanent damage to the device.

There-

fore, it is important to be very careful of static electricity and any other possible sources of excessive voltage.

A zener diode with a breakdown lower than that of the oxide
can be placed from the gate to the substrate to protect
against excessive voltages.

This, of course, lowers the

input impedance of the device to that of a reverse biased
diode.

Depending on the particular circuit, this may be

entirely acceptable.

An MOS transistor is called a unipolar device because
its operation depends on only one type of charge carrier,
holes in p-channel devices and electrons in n-channel
devices.

A standard junction transistor is known as a

bipolar device because conduction is a result of the interaction of two types of charge carriers, holes and electrons.

Typical drain current-voltage characteristics of an
n-channel enhancement-mode MOS transistor are shown in
Figure 4.

The operation of the device is such that if the

gate, source and substrate are grounded (V

GS

= 0) and the

7
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Typical drain characteristics of an
n-channel enhancement-mode MOS
transistor.
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drain is connected to a positive voltage supply, no current
will flow from the drain to the source because the drain to
substrate p-n junction is reverse biased and no channel
exists between the source and drain.

As the gate is made

more positive, electrons are drawn toward the surface of
Eventually this results in

the silicon beneath the gate.

an inversion of the surface of the silicon so that there is
an n-type path or channel from the source to the drain.

The threshold (or turn-on) voltage (VT) is defined as the
gate voltage that must be applied in order to induce a
This is sometimes arbi-

conducting channel (3, p. 324).

trarily defined as the voltage that results in a drain
current of 10 pa at a drain voltage of 10 volts.

Normal

processing can produce n-channel devices with threshold
voltages of about +1 volt and p-channel devices with
thresholds of about -5 volts.

A further increase in gate

voltage increases the depth of the inversion layer and
results in greater drain current.

The cross sectional view of Figure 1 may be represented as shown in Figure 5.

This Figure shows the effect

of increasing drain to source voltage (VDS) with a constant
gate to source voltage (VGS).

When VDS is small or zero

there is an ohmic path from the drain to the source through
the channel which is of nearly constant depth.

This is

known as the linear region of the curves (Figure 4) because
the drain current increases in proportion with the drain
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Effect of increasing drain voltage
with gate voltage constant.
(a) linear operation
(d) pinch-off or saturation

10
voltage.

As VDS approaches (VGS - VT), the gate to body

voltage approaches VT so that the channel almost disappears.

As VDS is increased further, the channel ends

short of the drain, but current still flows because the
drain to body depletion region widens and collects electrons flowing in the channel.

The amount of current is

then relatively constant and independent of the drain to
This is known as the pinch-off or satura-

source voltage.

tion region of the curves.

The saturated and linear or unsaturated regions may
be more closely defined by the following expressions
2, p. 2-4, 2-5):
Unsaturated:
Saturated:

IVGS

VTI > IVDSI

IV

VTI

GS

Theoretical drain current

(I D

.5-

)

IV DSI

expressions have been

derived from elementary physical models for the unsaturated and saturated regions of operation of the MOS
transistor.

They are (4, p. 2-7, 2-8):

Unsaturated region

( N,Gs - VTI

ID = kl2 (VGs - VT) VDS
Saturated region

ID = k CVGS - VT]

(IVGS

IVDSI):
2]

(1)

VDS
VTI

2

lvDs I

)

(2)

where the value of k is given by
k -

ox ( W\
2 t

ox

k

(3)
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and where
/In

is the average surface mobility of electrons
2

in the channel (approximately -350 cm /V-sec).
/Ip refers to holes (approximately 200
2

cm /V-sec)
e

ox

(3, p. 346,347).

is the dielectric constant of the oxide
pf/cm).

(1/3

tox is the thickness of the oxide under the gate
(1000 A = 10-5 cm).

W and L are the width and length of the device
channel as shown in Figure 6.

The value of

(1-1 ox/tox) is

approximately 13 micromhos

per volt for n-channel devices and 4.5 micromhos per volt
for p-channel devices (1, p. 95).

With these values con-

stant, k is dependent on the ratio of the width to length
of the channel, W/L.

The parameters used to describe an MOS transistor are
(2, p. 2-8):

6IDS

Transconductance:

gm

77,;;

(4)

Vps

and

Drain resistance:

av
DS
ros

DS VGS
71

(5)

Since the device is usually operated in the saturation
region, the parameters are determined in this region as
follows:

12

p-type substrate

Figure 6.

n-Channel MOS transistor showing
physical parameters.
(Metalization not shown)
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gm

= 2k (VGs - VT)

r

= co because I

os

D

(6)

was assumed independent

of VDS

(7)

For typical devices the actual value of ros varies
from 10K ohms to 1 Meg ohm.

The transconductance varies

with both gate voltage and the ratio of W/L.

For normal

gate voltages, it can have values from less than one to
many thousands of micromhos depending on the geometry of
the particular device.

Values typically found in com-

mercial discrete devices range from 1,000 to 10,000 micromhos.

The MOS Device as a Load Resistor

To understand how an MOS transistor can be used as a
resistor, one should study the drain characteristics of
the devices.

The set of characteristics shown in Figure 7

will be used for illustration.

The device may be used as

a load by connecting the gate to the drain and the source
to the substrate as shown in Figure 8.

When a drain

voltage is applied to the device. connected in this con-

figuration the gate and drain voltage will be equal and
the operation will be as described by the curve of
VGS

=

VDS'

In this case, the device is said to be operat-

ing in the saturated region because IVGS - VTI

IVDSI

Operation in the unsaturated region may be accomplished
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MOS device connected as a load resistor
operating in the saturated region.
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by making the load gate voltage larger than VDD by at
least V

T

so that

IV

GS

- V

T

I

IVDDI

This configuration

is shown in Figure 9.

Each type of operation has its advantages as well as
its disadvantages.

When operating in the saturated region,

the maximum output voltage is less than VDD by VT as shown
by the zero current intercept of the VGS = VDS curve of
Figure 7.

The minimum output voltage, however, will be

near zero.

The unsaturated mode of operation does not

have this disadvantage because the gate is biased on for
all possible values of source voltage, even VDD.

For this

reason the output swing may be very nearly VDD volts.

Of

course, there is a price to pay for the improvement,
namely the need for a power supply for VGG as indicated
in Figure 9.
10

The gate impedance is typically greater than

14 ohms so no appreciable current is required from the

gate supply.

Another circuit configuration which results in
unsaturated operation is shown in Figure 10.

Here a zener

diode is used to maintain the load drain at least V T volts
below its gate.

In this case, the maximum output voltage

cannot be greater than VDD - Vz but the level of VDD may
be adjusted for the desired maximum output voltage. This
is mentioned only as a possible method of obtaining saturated operation.

The actual integration would be more

difficult and would require an extra diffusion process.

17
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VT

load device
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in

Figure 10.

MOS device connected as a load
resistor operating in the
unsaturated region.
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All-MOS Integrated Amplifiers
Here the term all-MOS refers to the replacement of
diffused resistors by properly designed MOS transistors.
Examples of these amplifiers are Figures 8, 9 and 10.
Figure 11 shows the characteristic curve for VGS

VDS of

a load device plotted on the drain curves of a high gm
driver device.

These curves are for discrete devices

connected as shown in Figure 8.

The curves are shown for

p-channel devices so that the effect of the threshold
voltage is more obvious.

The curves represent the graph-

ical solution of two simultaneous equations, that of the
driver and that of the load device.

The points of inter-

section are possible operating points, and may be plotted
to yield the transfer characteristics as shown.

As stated, the curves of Figure 11 are for discrete
devices, and therefore are not representative of devices
which are part of an integrated circuit.

In a standard

MOS integrated circuit, the substrate is common to all
devices as shown in. Figure 12.

Note that in integrated

form there need only be one substrate contact and that a
common diffusion may be used for the driver drain and the
load source.

In this configuration, another disadvantage results,
the problem of substrate bias (1, p. 40-46).

The substrate

can act as a second gate and does just that when the driver

19
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Circuit diagram of an integrated amplifier
stage.
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Transfer curve of an integrated amplifier
stage.

Figure 12.

Circuit diagram and transfer curve
of an integrated amplifier stage.
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source rises above ground potential.

In this situation

the substrate is referred to as the back gate.

The operation of this back gate is similar to the
gate of a junction field-effect-transistor.

In our case,

it can alter the transconductance as well as the threshold
voltage of the load device as shown in Figure 13.

This

action results in a lower maximum output voltage swing,
typically on the order of half of the supply voltage.

The

reason for this loss in maximum output is that the threshold voltage has changed.

In Figure 13, the application of

a back gate voltage (VBG) of seven volts results in a
threshold voltage change of about three volts.

If this

particular device were used as the load in the circuit of
Figure 12 (a) and VDD = 15 volts, the resulting transfer
function would be similar to that shown.

The threshold

voltage as modified by the back gate voltage is denoted
by VT(VBG) and may be expressed as (1, p. 40-46):

V

T

(V

BG

)

= V

T

+ AV

(8)

T

where

AVT =

-K1 (1/20F + VBG

)

and where

K1

is a constant depending on the impurity
concentration of the substrate and the
gate oxide thickness.

(9)
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K1 =

± (t

ox

ox

)

2qE

(+ for p-channel,

- for n-channel) where q = electronic charge,
E

s

= silicon dielectric constant, N = doping

level (1, p. 38).

is twice the Fermi potential (Os), the
potential across the depletion region.
OF> 0 for p-type, OF< 0 for n-type region.

The voltage gain of an MOS amplifier in the common
source configuration without feedback is given as follows
(5, p. 97):

A v - gm ros RL
r

os

+ RL

(10)

where
gm

is the transconductance of the driver device

ros is the common source output resistance of the
driver device
RL

is the effective load resistance.

Physically the gain of an integrated circuit amplifier is
dependent on the ratio of the width to length of each
channel.

As a result, there is a limit on the gain that

may be obtained.

The limit depends on these ratios, which

may be expressed as:
k

KR

k

d
1

W/L (driver)
W/L (load)

(11)

As K increases, the driver device will have a higher g
R
m
and the load a greater effective resistance and

24

consequently lower current which leads to operating the
driver in a portion of its curves where r

os

is higher.

Each of these effects tends to increase the voltage gain
of the amplifier stage.

This dependence of gain on KR is

shown in Figure 14.

Many circuit configurations other than that of Figure
12 are possible.

Another useful one is the source follower

which is shown in Figure 15.

Here the load device is

between the driver source and ground.

This circuit will

provide a low output impedance and may be used as the
output stage of an integrated MOS amplifier.

In the

amplifier stage of Figure 15(a) the active device operates
in the saturation region and the load operates in the
unsaturated-mode.

This is a possible source of distortion,

especially at large signal levels.

The circuit of Figure

15(b) is better because the load operates in the saturation
region and partly cancels the nonlinearities of the driver
device.

The amplifier stage of Figure 12(a) may take many
forms in an integrated circuit.
layout is shown in Figure 16.

One possible physical

The driver device is shown

with a W/L ratio of 10:1 while the load has a 1:2 ratio.
This results in a low current low-gm load and a higher
current high-gm driver such as used in the illustration of
Figure 11.

The top diffusion is the drain for the load

device, while the middle diffusion acts as both source

26
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Figure 16.

see text

Physical layout of an MOS amplifier
stage.
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for the load and the drain for the driver.

This method

of using a single diffused area for both a source and a
drain results in a considerable saving of area.

Another

space-saving feature is that isolation areas are not
needed because the source drain diffusions are automati
cally isolated by the substrate.

In the layout, the load

gate is connected directly to the load drain so that
VGS

=

VDS ·

This may be desired despite the disadvantages

previously mentioned because the layout problem is much
less difficult.
The size of the layout in Figure 16 is arbitrary,
depending on processing techniques.
be 50 micrometers

(~m)

(approximately 0.002") long which

would make the driver channel 50 x 5
channel 10 x 20

~m.

~m.

~m

and the load

In this case the overall length of

the three diffusions would be 160
be 50

The scale shown could

~m

and the width would

A typical single junction transistor requires

an area of 10,000 square micrometers compared to 8,000
for this entire MOS amplifier.

: I

29

THE CURRENT-SOURCE LOAD DEVICE
Operation

The term "current-source" load refers to the operation of the MOS load device in a constant current mode.
The drain curves suggest that this may be done by operating the device with a constant gate to source voltage and
a drain voltage sufficient for saturated operation.

Indeed, the result is a current-source which is good
between the threshold voltage of the device and its breakdown voltage.

A device using this principle is available

commercially and is called a "constant current diode."

A good current-source appears as a very high impedance; ideally it is infinite.

The MOS device has a high

ac impedance (ros), especially at the low current levels
where operation is desired.

An amplifier using an MOS device as a current-source
will have a much higher voltage gain than the circuits
previously discussed.

This is due to the very high ac

impedance presented by the load device.

The effective

load line of a current-source load may be plotted on the
drain curves of a driver device as shown in Figure 17.

There is, of course, some slope to the load line, so the
gain is not infinite.

The gain depends on the slope of the load line and
the transconductance of the driver.

Typical values of

30
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Operation of current source load
device.

31

gain for this type of operation range from 20 to 100.

One important consideration in the design of integrated circuits is power dissipation.

There is a built-in

advantage in this respect, the gain is higher at low current levels.

This is because the slope of the drain curves

is more flat at low drain currents as shown in Figure 4.

The result is that low power dissipation and high gain go
together in MOS integrated circuits using current-source
loads.

The gain available with current-source loads is

typically greater by a factor of ten than that of standard
MOS amplifier stages.

This gain is sufficient so that

feedback may be applied to improve response, distortion
and stability.

Integration of the Current-Source Load
It would be fairly difficult to design an integrated
circuit in which the load gate bias is kept constant with
respect to the source.

Fortunately, this is not necessary.

A properly designed depletion-mode transistor operated with
zero gate bias will exhibit the desired characteristic and
eliminate complicated circuit design.

Depletion-mode

devices may be fabricated on the same chip with enhancement-mode devices.

After the source drain deposition the

protective oxide must be removed from the channel areas
of the desired depletion-mode devices and a short deposition made in these areas.

This results in a channel from
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the source to the drain (at zero gate bias) whose depth

depends on the length of the deposition time.
There is one other necessary operation to produce
current-source load devices in integrated form.

The

depletion device must be connected with the gate, source
and substrate common and, of course, above ground potential.

This may be accomplished by growing an epitaxial

layer on the wafer and then diffusing isolation areas
through it.
required.

See Appendix B for the extra processing steps
These steps tend to nullify one of the important

advantages of MOS integrated circuits, but a comparison of
the flow charts in the Appendices will show that circuits
using current-source loads are still less complex to
fabricate than the bipolar ones.

Figure 18 shows the circuit of a single-stage amplifier using a depletion-mode device as a current-source
load.

A possible physical layout for this circuit is

shown in Figure 19.
that of Figure 16.

Basically this layout is similar to
The changes are necessary due to the

use of a depletion-mode load device which requires different metalization and isolation region.

The scale is the

same as that of Figure 16.

Figure 19 shows how the metalization covering the
load channel area is extended to contact the load source
and driver drain regions.

The most apparent difference is

the isolation area around the load device.

This Figure
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V

DD

depletion-mode device

output

enhancement-mode device
input

Figure 18.

MOS amplifier with depletion-mode
device as a current-source load.

34

load substrate
contact

isolation area
opening

output

input

f

Figure 19.

I

Scale:

see text

Physical layout of a single-stage
amplifier using a depletion-mode
device as a current-source load.
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shows the opening through the oxide for the isolation
deposition.

The actual isolation area is wider because of

lateral diffusion from the opening.

This diffusion is

usually assumed to be approximately equal to the thickness
of the epitaxial layer which is typically five micrometers.

The isolation is the greatest disadvantage connected with
the current-source load because it increases the area
needed on the chip.

We have assumed that openings 5 p,m

wide are technologically practical.
isolation areas which are 15 wit wide.

This results in
Of course some

extra clearance is needed in case the lateral diffusion
is slightly greater than 5 4m.
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EXPERIMENTAL METHODS AND RESULTS
Properties of Devices Used for Tests

Several n-channel enhancement-mode devices were
obtained to use in evaluation of different circuit configurations.

These devices had been fabricated on a sub-

strate of 0.4 ohm-cm p-type silicon using integrated
circuit techniques.

The layout was such that each chip

had four devices; two with a channel length of 6.25 pm
and a width of 625 pm, one with length of 6.25 pm and
width of 125 pm, and one with length of 12.5 pm and width
0

of 125 pm.

A gate oxide of approximately 1000 A was

grown over the channel area.

The resulting chips were

mounted on ten lead integrated circuit headers.

The characteristics of a typical device of each type
are shown in Figures 20, 21 and 22.

The relative values

of transconductance correspond quite well with the relative values of the channel width and length.

The transconductance and drain current may be calculated.

For example, for the device of Figure 22:
gm = 2k (VGS - VT)

= 13 pmho/volt (W/L)

(VGS - VT)

= 13 pmho/volt (100)

(5-1) volt

= 5200 pmho
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I
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8V

DS'

ma
6V

gm

25o

10

5

4V
2v
15

20

VDS' volts
Figure 20.

Drain characteristics of an n-channel
MOS device with a channel width of
125 um and length of 12.5 um.
VGS

gm
I

6V

1000
5V

DS'

ma
4V
3V

2V
0

5

10

15

20

VDS, volts
Figure 21.

Drain characteristics of an n-channel
MOS device with a channel width of
125 um and length of 6.25 um.

38

20

6V

15

5V
I

DS
ma

'
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gm ^-/ 5000

VGS =

4V

3V

2V
5

10

15

20

VDS, volts

Figure 22.

Drain characteristics of an n-channel
MOS device with a channel width of
625 µm and length of 6.25 pu.
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ID

k VGS

VT]

= 6.5 pmho/volt (W/L)

GS

VT]

= 6.5 pmho/volt (100) (5-1)2 volt

2

= 10.4 ma

These calculations assume V

GS

= 5 volts and V

T

= 1 volt.

They correspond quite closely with the actual values as in
Figure 22.

Several factors make it difficult to calculate the
actual results.

For instance, the channel dimensions were

taken to be 625 pm x 6.25 pm.

These dimensions refer to

the mask, not the final edges of the diffusion.

If we

assume the oxide can be etched to the same dimensions as
the mask, we still have lateral diffusion to consider.

If the source-drain diffusions are 1 pm deep, the side
diffusion can be assumed to be a similar distance.

This

changes the length of the channel from 6.25 to 4.25

p.m

which results in a W/L ratio change from 100 to 147.

If

this figure were used in the calculations they would
differ from actual values by about 50 percent.

Other difficulties exist in predicting the value of
the surface mobility p
the threshold voltage.

n

or µp, the oxide thickness and
Values of surface mobility are

discussed by Grove (3, p. 346, 347).

The oxide thickness

may be determined with reasonable accuracy by observing
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its color under white light.

Threshold voltage is fairly

predictable, but small variations may occur between
devices.

Circuit Configurations and Results
Single-stage amplifiers and source followers were
evaluated with both standard MOS loads and current-source
loads.

Figures 23 through 28 show the typical results

obtained with each configuration.

All tests were made

using the n-channel devices shown in Figures 20, 21 and
22.

The depletion-mode loads were of the type shown in

Figure 21 but were selected to have zero-bias drain currents as given in each case.

Each circuit has been previously discussed and to do
so again would be repetitious.

The experimental results

do, however, agree with the predictions.

Figures 23, 24 and 25 show the results obtained with
different single-stage amplifier configurations.

The

results using standard MOS loads are shown in Figure 23.

The curve (a) shows the effect of back gate bias in integrated circuits.

The gain could be more than doubled as

shown in curve (b) if the load device were isolated so
that the substrate could be connected to the source.
Figure 24 shows the use of the current-source load.

most apparent improvement is the gain which is much
greater as was predicted.

Note also that the drain

The
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V DD = + 10V VDD = + 10V

(b)

10

transfer
curves

ou

(a)

out

5.3

Vout,
volts

(b)

Vin, volts

Figure 23.

Amplifier circuits with standard MOS
device loads. Load device: Figure 20;
driver device: Figure 22.

V DD = + 10V

10

0000
0

0 (b)

transfer
curves
out

V out,
volts

circuit

Figure 24.

A

75

Vin, volts

Amplifier circuit with current-source
loads. Driver device:
Figure 22;
load devices n-channel depletion-mode.
(a) I
= 0.015 ma
(b) I
DS
DS = 0.15 ma
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VDD = + 10V

V

D

=+ 10V

10

transfer
curves

v out v

out,
volts
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Vin

(a)

(b)

Figure 25.

olts
Vin, volts

Amplifier circuits with current-source
loads showing different substrate
connections. Driver:
Figure 22;
load:
1.1 ma depletion-mode device.
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current of curve (a) is only 0.015 ma.

For the given

drain voltage (10 V) the power drawn is only 0.15 milliwatt.

The use of a depletion-mode load with its substrate

grounded is shown in Figure 25.

The effect of the back

gate bias completely nullifies the advantages of the
depletion-mode load.

Source follower circuits and results are shown in
Figures 26, 27 and 28.

Figure 27 shows the operation

using standard MOS techniques.

Figure 26 shows the im-

provement in gain and linearity that may be obtained by
isolating the driver device and connecting its substrate
and source together.

The use of a current-source load

and isolated driver is shown in Figure 28; here the gain
is very near unity and the linearity is excellent.
Processing and Results

A set of devices was processed using the techniques
which are necessary to produce integrated circuits with
current-source loads.
devices per chip.

A set of masks was made up with 12

Four different size transistors were

fabricated; each was made as an enhancement-mode, a
depletion-mode and an isolated depletion-mode device.
The channel dimensions (W x L in p,m) were 125 x 6.25,

125 x 12.5, 25 x 12.5, 25 x 25.

The various sizes were

designed so that a wide selection of driver and load
devices would be available for tests.

Figure 29 shows
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V DD = + 10V VDD = + 10V
0

transfer

1---

Vin
O

Vout

out
1-4-

1-41-

Figure 26.

DD

out
volt

0

(b)

(a)

V

V

Vin, volts

15

Source follower circuits using standard
MOS load with substrate common with
source. Driver: Figure 22;
Figure 20.
load:

= + 10V V DD = + 10V
10

transfer
curves

1

in

ILi
out

out

(a)

Vout'

(b)

Figure 27.

Vin, volts

Source follower circuits using standard
MOS load with substrate grounded.
Figure 20.
Driver: Figure 22; load:

15
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VDD = +10V V DD= + 10V

Vin

F"---A-

V.

Vout'
volts

in

out

r
(a)

Figure 28.

Vin, volts

0

(b)

15

Source follower circuit using currentsource load device. Driver: Figure 22;
load:

I

D

=

1.1 ma.
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Column 1

Column 3

Column 2

Column 4

H

J

0.05"

A
B
C
D
E

Source contact
Drain contact
Gate contact
Substrate contact
Source diffusion

F
G

H
I

J

Drain diffusion
Isolation area
Contact hole
Capacitor (enhancement)
Capacitor (depletion)

Isolated depletion-mode devices
Top row:
Center row: Depletion-mode devices
Bottom row: Enhancement-mode devices
column 1, 125 x 6.25 pm
Channel areas:
column 2, 125 x 12.5 pm
column 3, 25 x 12.5 pm
25 x 25 pm
column 4,
Figure 29.

Layout of MOS test devices.
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the layout that was used.

The capacitors were made by

applying the metalization over areas with the same oxide
as the gate areas.

The depletion-type capacitor area had

the same deposition as the gate areas of the depletionmode transistors.

These capacitors may be used to inves-

tigate the characteristics of the silicon, such as the
threshold voltage (3, p. 271-278).

Capacitor measurements were made to determine the
proper length of time for the gate deposition.

The time

was found to be 105 seconds in the boron deposition furnace.

Devices were then fabricated using the techniques

of Appendix B except that an n-type wafer was used and
the isolation steps were deleted.

The resulting devices

were as designed except the threshold voltage was higher
with p-channel
than predicted. This is a typical problem
the incorporation
MOS device fabrication. It results from
during its growth. The
of positive charges into the oxide
ranged from -6 to -10
actual values of threshold voltage
This
volts instead of the expected value of -5 volts.
the devices,
value did not completely prohibit the use of
which were obbut it did adversely affect the results

tained.

B was used to
The complete sequence of Appendix
The resulting devices had even
process another wafer.
to indicate that
higher threshold voltages which seemed
diffusv_In may have
the presence of the p-type isolation
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been able to further contaminate the gate oxide with
positive charges.

The threshold voltages of these devices

ranged from -15 to -30 volts which was higher than the
desired drain voltage.
useable as test devices.

As a result, the devices were not
The solution to this problem is

not presently known at the lab in which the processing

was carried out, but study is continuing into the problem.
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SUMMARY AND CONCLUSIONS

The operation of linear Metal-Oxide-Semiconductor
(MOS) integrated circuits has been discussed beginning
It

with the fundamental operation of an MOS transistor.

has been shown that an MOS device may be used as a load to
replace diffused resistors in integrated circuits.

The

resulting circuits were found to have the advantages of
ease of processing, small size and low power requirements.

Some of the disadvantages were low voltage gain and small
output voltage swing.

A load consisting of an MOS tran-

sistor biased to operate as a current-source was suggested
as a solution to these disadvantages.

Circuits with these

current-source loads were found to have voltage gains at
least ten times greater than the standard circuits and
output swings approaching the supply voltage.

The use of

current-source loads was found to have the disadvantages
of larger physical size and more complex fabrication.
Tests with discrete devices showed that the current-source
load device operated as expected, providing greatly increased gain and output voltage swing.

The current-source load device should be a useful
item in the design of linear MOS integrated circuits.
Of course, each circuit has its own requirements; digital

circuits, for instance, do not need high gain and can
operate with the voltage swings available from standard
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MOS techniques.

Even some linear circuit requirements

may be met using several stages of lower gain.

It is up

to the design engineer to decide in each case the best way
to meet the requirements.

The current-source load is not

a cure-all, but it should be of considerable value in
many circuits.

Further study could be done to find good methods of
providing negative feedback within the integrated circuit.
Perhaps the characteristics of the devices in the feedback

path could be matched so that nonlinearities would completely cancel.
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APPENDIX A
Standard MOS Integrated Circuit Fabrication Steps

MOS integrated circuits are fabricated on singlecrystal n-type silicon wafers which have been lapped and
polished to a thickness of 8 to 10 mils.
resistivity is typically 5 ohm-cm.

The initial

An oxide layer is

grown on the surface by heating the wafer to 1100°C in an
oxygen atmosphere.

Photo-resist is then applied to the

wafer and exposed through the source-drain mask.

After

the photo-resist is developed and hardened by baking, the
unprotected areas of the oxide are etched away with a
buffered hydrogen fluoride (HF) solution.

A p-type

impurity (boron) is then deposited on the exposed regions
of the wafer at a temperature of 950°C.

Another photo-resist process is then used to etch
the initial oxide from the channel areas.

The wafer is

then placed in an oxidation furnace at 1100°C.

This has

two purposes; one is to diffuse the n-type impurities
into the wafer and the other is to grow a layer of oxide
approximately 1000 A thick over all the exposed silicon
areas.

The next photo-resist and etch process is used to
expose areas which will be contacted by the aluminum
metalization.

A vacuum system is then used to evaporate

aluminum over the entire surface of the wafer.

The final
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photo-resist step protects the desired metal so that the
remainder may be etched away.

The aluminum is then

alloyed into the silicon to provide good contact.

Finally the wafer is scribed and broken into dice
which are mounted on headers and connected to the header
pins.

The connections are made with thermocompression or

sonic bonds.

Figure 30 lists the fabrication steps and

shows cross sections after several of the steps.
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1. Oxidation
2. Photoresist and etch;
select source and
drain areas
3. Source-drain deposition
4. Photo-resist and etch;
select channel areas
5. Source-drain diffusion
and oxidation
6. Photo-resist and etch
contact holes
7. Metalization
8. Photoresist and etch;
remove excess aluminum

1

2,3

ES9

4,5

6-8

Figure 30.

Flow chart of the sequence of processes
used in the fabrication of a standard
MOS integrated circuit.
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APPENDIX B
MOS Integrated Circuit Fabrication with
Current-Source Loads

The use of current-source loads requires starting
with a p-type silicon wafer (substrate) upon which is
grown an n-type epitaxial layer approximately 5 µm thick.
This layer has a resistivity similar to that of the wafer
used for standard MOS IC's, in this case typically
5 ohm-cm.

After the surface of the epitaxial layer has

been oxidized, a photo-resist and etch process is used to
expose the silicon in areas which are to be used for
isolation.

A fairly long deposition of a p-type impurity

is made in the exposed areas.

Then a long diffusion step

results in the p-type impurity diffusing through the
n-type epitaxial layer to the p-type substrate.

This

results in islands of n-type silicon which are isolated
from each other by the p-type diffusion areas.

The next step is to photo-resist and etch holes
through the oxide in the source-drain regions.

This is

followed by a deposition of p-type impurity and another
photo-resist and etch process which exposes the channel
areas of devices which are to operate in the depletionmode.

A very short deposition is then made in these

channel areas.

Then another photo-resist and etch process

exposes the channels of all devices.
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The remaining steps are similar to those used for
standard MOS IC's:

diffusion and oxide growth, openings

for metal contacts, metalization and etching.
all listed and illustrated in Figure 31.

These are
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1.Grow epitaxial layer
2. Oxidation
1'2
3. Photo-resist and etch;

select isolation
areas
4. Isolation deposition
5. Isolation diffusion
and oxidation
6.Photoresist and etch;
3-5
select source and
drain areas

trweb.\\111111111111M1111111.2

7. Source -drain depo-

sition
8.Photo-resist and etch;
UMMwmAIMMEIN
select channel areas
for depletion-mode
6,7
devices
9. Channel deposition
10.Photo-resist and
etch; select channel
areas for enhancementmode devices

SWIM

MEIUMWmAWW

A

11. Source -drain

8-11
diffusion and
oxidation
12.Photo-resist and
etch; contact holes
13.Metalization
14.Photo-resist and
etch; remove
excess
aluminum

Figure 31.

mmilmar-

--EMMIlawmiEW

mimmir

Flow chart of the sequence of processes
used in the fabrication of an integrated
circuit with both enhancement- and
isolated depletion-mode devices.
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APPENDIX C
Bipolar Integrated Circuit Fabrication Steps
Bipolar integrated circuits are fabricated using
much the same techniques as are the MOS IC's.

A total of

five diffusions is required to complete the bipolar cir-

Figure 32 shows a cross section of a completed

cuit.

device.

The processes that are necessary to fabricate

the device are as follows (3, p. 12-35):
1.

Oxidation

2.

Photo-resist and etch; select buried layer
locations.

3.

Buried layer deposition

4.

Buried layer diffusion

5.

Grow epitaxial layer

6.

Oxidation

7.

Photo-resist and etch; select isolation areas

8.

Isolation deposition
Isolation diffusion and oxidation

9.

10.

Photo-resist and etch; select base regions

11.

Base deposition

12.

Base diffusion and oxidation

13.

Photo-resist and etch; select emitter regions

14.

Emitter deposition

15.

Emitter diffusion and oxidation

16.

Capacitor oxidation if desired

17.

Photo-resist and etch; contact holes

18.

Metalization

19.

Photo-resist and etch; remove excess aluminum
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emitter

collector
r

N.

A

NZ

WII

base

AM.-4

H
B

+

F. Collector contact (n )
++ )
G. Metalization (aluminum)
B. Buried layer (n
Epitaxial layer (n)
H.
C. Isolation diffusion (p)
I. Substrate (p)
D. Base diffusion (p)
E. Emitter diffusion (n+)

A. Oxide

Figure 32.

Cross section of completed bipolar
integrated circuit transistor.

